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[57] ABSTRACT

Reduction in the maximum time uncertainty (t;qx—t-
min) Of a series of paired time signals tj and t; varying
between two input terminals and representative of a
series of single events where t1=t; and t;+t; equals a
constant, is carried out with a circuit utilizing a combi-

‘nation of OR and AND gates as signal selecting means

and one or more time delays to increase the minimum

- value (t;n) of the first signal t; closer to t;ugx and

thereby reduce the difference. The circuit may utilize a

plurality of stages to réduce the uncertainty by factors
of 20-800.

10 Claims, 6 Drawing Figures
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1

REDUCTION IN MAXIMUM TIME =~
UNCERTAINTY OF PAIRED TIME SIGNALS

CONTRACTUAL ORIGIN OF THE INVENTION

The present invention relates to the reduction in the
time uncertainty of signals from multiple detection sys-
tems and more particularly to the reduction in the maxi-
mum time uncertainty between two or more signals
representative of single events. The United States Gov-
ernment has rights in this invention pursuant to Con-
tract No. W-31-109-ENG-38 between the U.S. Depart-
ment of Energy and the University of Chicago repre-
senting Argonne National Laboratory.

BACKGROUND OF THE INVENTION

As described in U.S. Pat. No. 4,181,855 and other
sources of the art, measurements associated with radio-
activity and other events are commonly carried out
with scintillation counters having a pair of detectors to
produce a series of paired signals representative of the
passage of particles passing through the counter tube
between the detectors. With large scintillation counters
used in time measurements associated with the passage
of elementary particles at high velocities, the accuracy
of the measurements are limited by the time uncertainty
between the detector signals associated with the differ-
ence in time that the signals in the counter tube reach
and trigger the detectors.

Additional details associated with scmtlllatmn count-
ers and the time uncertainty factor may be provided by
reference to FIG. 1. In FIG. 1, a scintillation counter is
lustrated with detectors at each end to generate a pair
of signals representative of the passage of a particle
through the tube. With a series of particles passing
through the tube at various points, the signals at each of
the detectors will vary in order of time and will have a
maximum uncertainty or difference equal to L/v or At,.
These signals may be represented by the following:

t4=ty+x/Vv
tg=to+[(L—x)/V]

t4+tp=2t,+L/v=2t,+ At,

where “t4” and “tg” are time measurements at the first

and second ends of the tube, “t,” is a constant associated
with the time that the particle passes through the tube
and the time for the signal to pass through the counter
lightguides and photomultipliers, “L” is the length of
the tube, “x” is the point along the tube where the parti-
cle passes, and “v” is the effective velocity for the light
signal (generated by the passage of the particle) to prop-
agate 1n the counter to reach the detectors. As the parti-

cles pass through the counter tube at various points

along its length, a series of paired signals are generated

at the two detectors representative of the series of indi-
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vidual particles or single events. When the particles pass gp

through the tube at a distance “x” equal or less than
L/2, the signal t; at that end w1Il be first or equal in

order of time to the signal t; at the other end. When “x*

i1s greater than 1./2, the signals t; and t; will be reversed
respective to the terminals A and B and t; and t; will
~vary between the two detector outputs and will have a

maximum uncertainty or difference in time of At,associ--

ated with the length of the counter tube. Particularly

63

2
with high speed particles, the time uncertainty between
the signals limits the usefulness of the data.

In addition to the maximum time uncertainty or dif-
ference between the signals t; and t; in each signal pair,
the value of t; will also vary between a maximum t;
equal to L/v and L/2v or between At,and At,/2 result-
ing in a second uncertainty. With elementary particles
traveling at high velocities, reduction in these uncer-
tainties is desirable to improve the usefulness of the

output signals or data.

One object of this invention is the reduction in the
maximum time uncertainty between a pair of signals
representative of a single event. A second object is the
reduction in the maximum time uncertainty of the sec-
ond signal 1n time of a pair of signals representative of a
single event. Another object is the improvement in
usefulness of data generated by the passage of elemen-
tary particles through scintillation counters. A further
object of the invention is the selection of slgnals first
and second in the order of time from signal pairs with
varying .orders of time. An additional object of the
invention is a logic circuit with AND and OR gates for
time selection of the signals from detectors associated
with scintillation counters. Other objects, advantages
and novel features of the invention will be set forth in
part 1n the description that follows, and in part will
become apparent to those skilled in the art upon exami-
nation of the following or may be learned by practice of
the invention.

This invention provides a method and apparatus for
reducing the maximum time uncertainty or difference
At, between paired time signals t; and t; in a series of
paired signals representative of a series of single events
where the signals ti and t; vary between two terminals.
The invention further provides a method and apparatus
for reducing the maximum time uncertainty of the sec-
ond signal t; in a series of paired signals where t; is
dependent on the relationships t; =t; and ty4-t; equals a
constant. A maximum value (t,;qx) for the signal t; also
usually equals L/v with t| being at its minimum value
(tmm)

The apparatus of the invention includes input and
output means, mcludlng a pair of input terminals for
providing a series of paired signals t) and t; to the input
terminals. At each terminal, the signals will vary be-
tween t and tp where t) =tz and t| +t2 equals a constant.
The signals t{ and t; vary within a predetermined limit
of tmin and tnax Whose difference is equal to At,. The
apparatus includes circuit means with logic means inter-
connecting the input terminals to the output means for
each stage or the entire circuit, and include means for
addlng a time delay to the signals t; in the series to
increase.tyin to ty where tmin<te<tmax, and means for
selecting signals between ty and t,;5x whose maximum
uncertainty is less than At,. The addition of time delay
may be carried out either prior to or subsequent to the
selection process. The time delay is equal to a fraction
of At, with the value depending on the particular cir-
cuit. With: a series circuit; the time delay preferably is

“equal to about At,/2. A single stage may provide signifi-

cant reduction or several stages may be used. With a
plurality of stages in a series, the time delay for each
stage 1s reduced by a factor of two for each succeeding
stage resulting in progressively reduced time uncertain-

ties between the signals with the lower limit progres-

sively approaching the upper limit t,;4x.
The logic means includes first and second selecting
means for selecting the first and second signals with the
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first selecting means including one or more OR gates
and the second selecting means including one or more
AND gates. In some embodiments as illustrated in the
drawing, combinations of OR and AND gates are used
for each selecting operation.

In addition to reducing the maximum time uncer-
tainty At, of the signal pairs, the time delay at least in
some embodiments also serves to increase the value of
the second signal in those circuits where its maximum

value is less than its original maximum value t;,zx. By
use of the invention, the maximum time uncertainty of
signal pairs may be reduced by factors of 2, 4, 16 and

values of 250-800 and above. In one embodiment (as
generally illustrated by FIG. 3) with a At, equal to
approximately 4.2 nsec., the maximum time uncertainty
has been reduced to a value of approximately 70 psec.
This and other embodiments are further discussed
below in the detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.11sa pictorial representation of a scintillation
counter of the prior art.

FIG. 2 1s a graph of the signal response for each
detector of a scintillation counter with respect to posi-
tion along the counter tube.

FIG. 3 is a logic diagram of one embodiment of the
invention. *

FIG. 4 is a logic diagram of a second embodiment of
the invention.

FI1G. 515 a logic diagram of a third embodlment of the
invention.

FIG. 6 1s a logic diagram of a fourth embodiment of
the invention.

DETAILED DESCRIPTION OF THE
INVENTION

As illustrated in the drawings and described in this
specification, the invention relates to (1) the reduction
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in maximum time uncertainty or time difference At,

between paired signals of a sertes of signal pairs repre-
sentative of a series of single events and (2) the reduc-
tion in time uncertainty of the second signal in time of
the signal pairs. By this method and through the use of
apparatus with the invention, the maximum time uncer-
tainty between two signals representing a single event
may be reduced until the signals are extremely close
together while the maximum value t,,zx of the later
signal in order of time remains essentially the same as
that for the input signal and may serve as a reference
point for the data. Logic diagrams have been illustrated
to show the essentials of the associated circuits.

As background, FI1G. 1 shows a pictorial representa-

tion of a scintillation counter 10 of the prior art with a
counter tube 12 having a length 14 with a pair of detec-
tors 16 and 18 at opposite ends A and B. A particle 24
1s represented as passing through tube 12 at a point 26
equal to “x” as measured from end A with the distance
from end B being equal to L-x. Counter tubes 12 vary in

length with a typical value being about 126 cm. result-

Ing in a maxtmum time delay or uncertainty in the order
of about 4.2 nsec.

In the graph of FIG. 2, the signals generated by the
detectors 16 and 18 of tube 12 are illustrated by line
ABE for signal t4 at end A and by line CBD for signal
tgat end B. The signals ty being equal or first in time are
represented by lines ABC while the signals t; are repre-
sented by lines DBE resulting in the relationships that
ti=ty and t; 4+t equals a constant. Since the particles
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may pass through tube 12 along its entire length, the
signals t; may be generated either at end A or end B and
usually vary between the ends. When the particle passes
through the tube at one end, the maximum difference of

-At, exists between the signals with the signal t; equal to

tmax and the signal ty equal to tin.

If a time delay equal to a fraction.of At, (about 0.1-0.9
At,) and preferably equal to about At,/2 is added to the
portion ABC, that portion is shifted by At,/2 to the new
portion A'B’C’ with the total time uncertainty being
reduced from At, to At,/2. Selection of t; may be car-
ried out by a first-in-time selector represented by an OR
gate as described below. If the resulting signal from the
addition of the time delay is fed along with the signal t;
to a second-in-time selector represented by an AND
gate (as illustrated in FIG. 3), an output signal will be
developed with values represented by the lines D-30-B'-
32-E. In this process, the maximum time uncertainty is
reduced to a new limit between ty (representing the new
minimum value) and t,;qx (represented by point D) and
equal to Aty/4. As illustrated in FIG. 2, the variation in
the second signal ty has also been reduced since the
lower limit has been changed from point B to point 36
with the maximum time uncertainty for signal t; being
reduced by a factor of two. By the use of progressive
stages of reduction in maximum time uncertainty, the
lower limits t;; progressively approach tmgx Or point
D. | |

Another shift in the signals may be carried out by
adding the time delay to a signal from one of the termi-
nals as illustrated by the logic diagrams of FIG. 5 and
FI1G. 6. The addition of a time delay equal to a fraction
of At, and in some instances a value of At,/2 to the
signal t4 shifts signals represented by line ABE to line
A’'B’ (and its upper extension) resulting in the maximum
uncertainty between signals t; from line A’'B’ and signals
t2 from line DB being equal to At,/2. Addition of a
similar time delay to the signal tp results in a similar
reduction in the uncertainty between signal t; repre-
sented by line B'C’ and the signal t; represented by line
BE.

In FIG. 3, a logic diagram is illustrated with a series
of stages of reducing the maximum time uncertainty At,
between paired signals t; and t; at two terminals A and
B of an input. An output 34 is provided for the logic
diagram or the connections between stages may be
considered as the output depending on the reduction
being considered. Circuit means with logic means inter-
connect terminals A and B with output 34 and include
logic means represented by OR gate 36 and AND gate
38 for the first stage. Means are provided for adding
time delay 40 equal to At,/2 (with At, equalling the
initial time uncertainty) to the signal t; selected by OR
gate 36 while signal t; is selected by AND gate 38. The
addition means are illustrated by time delay 40 being
included in the logic diagram after OR gate 36. Means
are further provided for selecting singals within the
reduced limit resulting from the addition of the time
delay to the first signal t;. In FIG. 3, the signals from

‘the time delay 40 and AND gate 38 are applied to OR

gate 42 and AND gate 44. At OR gate 42, the first signal
in time iIs selected to which time delay 46 equal to 3(A-
to/2) 1s added for shifting the signal closer to tygx. At
AND gate 44, the second signal is passed through the
gate to result in a maximum time uncertainty of At,/4.
The third stage is represented by OR gate 48, AND gate
30 and time delay 51 of At,/8. The final “n> stage is
represented by OR gate 52, AND gate 54 and time
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delay 56 whose output is applied to AND gate 54. At
- the final stage, the time delay is equal to At,/2” where n
1s equal to the number of stages. In one test to provide
improved time-of-flight resolution for an experiment, 36
channels of the circuit based on the logic diagram of
FIG. 3 were constructed. At, for 20 channels was 4.2 ns
and for 16 channels was 5.6 ns. Time delays were pro-
vided by RG-174 cable, cut to length and soldered onto
‘the circuit. The calculated value of Aty4 for a At, of 4.2

d

6
sented by OR gate 60, AND gate 62, and time delay 64,
the first signal t; (i.e., lines ABC of FIG. 2) is selected
by OR gate 60, is increased by At,/2 by time delay 64
(1.e., lines A'B’'C’ of FIG. 2) and then applied to AND
gate 62 stmultaneously with the two original signals.
Selection by AND gate 62 is the later signal between
signal t2 and the sum of At,/2 and the signal t; resulting
in the signals represented by lines D-30-B’-32-E of FIG.
2. In the stage represented by AND gate 66, OR gate 68

- ns was 0.13 ns with the measured values rangmg be- 10 and time delays 70 and 72, the signal t,, (i.e., lines DBE
tween 0.1 and 0.2 ns.- * - of FIG. 2) is selected by AND gate 66 and applied
Table 1 is provided below to prowde an 1llustrat10n of  simultaneously with the first signal t; increased by At,/2
the operation of each of three stages of the diagram of  (lines A’B'C’ of FIG. 2) to OR gate 68 which selects the
FIG. 3 based on an arbitrary time factor of 64 for At, first of the signals resulting in the lines A’-30-B-32-C’ of
and for the predetermined limit of the two signals. 15 FIG. 2. Time delay 74 of Ato/4 is added to the selected
~ TABLEI - ' | |
. Atﬂ . N | ﬁtﬂ | | Atﬂ s ' -
A B C 2 D EAMpe F 4 G H Mgy I 8 J K Aty
0064 0 32 32 64 32 32 16 48 64 16 48 8 56 64 8
'8 56 8 32 4 56 16 40 16 S6 56 O 56 8 64 56 8
16 483 16 32 48 48 O 48 16 -64 48 16 48 8 56 64 -8
24 40 24 32 56 40 16 40 16 56 56 0 56 8 64 56 8
32 32 32 32 64 32 32 32 16 48 64 6 48 8 56 64 8
40 24 24 32 56 40 16 40 16 56 56 O S6 8 64 56 8
48 16 16 32 48 48 0 48 16 64 48 16 48 8 56° 64 8
56 -8 8 32 40 56 16 40 16 .56 56 0 5 8 64 56 8
64 0 O 32 32 64 32 32 16 48 64 16 48 8 56 o4 8
- As noted in Table I, the original total time uncer- signal to shift the diagram so that points 30 and 32 are
tainty is 64 units, which in the first stage is reduced by 10 equal to point D or tgx.
a factor of 2 to a maximum of 32 units. In the second At the stage represented by OR gate 76, AND gate 78
stage, the total time uncertainty is further reduced by a ~ and time delay 80, the first signals are selected by OR
factor of 2 to 16 units and in the third stage is reduced  gate 76, increased by At,/8 by time delay 80 and applied
to a:value of 8 units. The maximum:value t,q of the  to AND gate 78 which selects signals whose maximum
second signal for each stage remains at. 64 units. 3 time uncertainty is At,/10. Table Il below provides
For the embodiment illustrated by FIG. 3, one impor- illustrative data to explain the Operatlon of the circuit
tant property 1s that the time range for the two outputs represented by the logic 'diagram. |
will have a fixed value of At,/2 determined uniquely by As shown in Table II, the total time uncertamty of
the amount of delay at the OR gate output and indepen- the two signals are reduced from a value of 64 units by
dent of the input’s true range provided it is smaller-or , - a factor of 4 in each parallel stage to a value of 16 units.
equal to At,. Further as stages are added, the general *~ In the second stage, the uncertainty is further reduced
equation for an n-stage system is equal to the following: - to a value of 4 units. Analysis of the data by using line
- - - shifts representing time delays reveals that between the
Atour=Aty=At,/2" nine peaks of 64 units, there are eight minimum values
L - | - 45 of 60. If the number of steps of change for A and B were
where n is equal to the number of stages.  increased, the minimum values of 60 would appear.
' ~ TABLEII '
At At, At At, __
Al By 2 C DI EtF 4 G H 2 L4 ], Ky 8 L M un
0 64 32 32 96 64 32 16 48 0 32 32 64 48 8 56 64
8 56 32 40 88 56 40 16 56 8 32 40 56 56 8 64 64 '
| - o - | 60
16 48 32 48 80 48 48 16 64 16 32 48 48 48 8 56 64
S - . . S 60
24 40 32 56 72 40 40 16 S6 24 32 56 56 56 8 64 64
L ' 60
032 32 32 64 64 32 32 16 48 32 32 64 64 48 8 56 64
e - 40 24 32 .72 56 40 40 16 56 24 32 56 56 56 8 64 64
.- 48 16 32 80 48 48 48 16 64 16 32 48 48 48 8 56 64
56 8 32 88 40 56 40 16 56 8 32 40 56 56 8§ 64 64
64 . 0 32,96 32 64 32 32 32 48 8 56 64

48 -0 64

In FfG.__,4,--input terminals A; and B provide the'

-series.of paired signals t; and t; to the circuit means

- represented by the two parallel stages:and:the.:final

-stage providing a signal to output: 58. In the stage repre-

In_ the logi;: diagram of FIG. 5, input tél.'milialls Az and
B> provide a series of paired signals t| and t; which are

- sphit with time delays 82 and 84 of At,/2 being added to
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one of the two signals t4 and signals tp. Signal t4 plus
At,/2 and signal tpare applied to OR gate 86 and AND
gate 88 in parallel while signal tg plus At,/2 and.signal
t4 are applied to OR gate 90 and AND gate 92. Outputs
from OR gates 86 and 90 are applied to AND gate 94
whose output is increased by At,/4 by time delay 96.
Outputs from AND gates 88 and 92 are applied to OR
gate 98. The selection and time delay addition process
for time delay 82 and OR gate 86 operate to shift line

ABE (FIG. 2) to A'B’ (as extended) with OR gate 86
selecting signals in lines A’-30-B. Time delay 82 for

AND gate 88 shifts line DBC to line B’C’ (as extended)

and AND gate 88 selects the signals in lines B'-32-E.
The two signals in lines A'-30-B and B-32-C’ are applied
to AND gate 94 which selects those signals without the
lower extensions. Points 30 and 32 are then increased by
Ato/4 to equal point D. In a similar manner, the outputs
from AND gates 88 and 92 are applied to OR gate 98
which eliminates the upper extensions. Table III pro-
vides illustrative data to explain the operation of the
logic diagram representing the circuit.

TABLE III
At, At,

Az By 2 Cr D E Foh Go Hh Iy 4 Jo Kz Atpgxs

0 64 32 32 96 32 64 0O 9632 16 48 64 16

8 56 32 40 88 40 56 8 8840 16 56 56 0
16 48 32 48 80 48 48 16 8048 16 64 48 16
24 40 32 56 72 40 56 24 7240 16 56 56 0
32 32 32 64 64 32 64 32 6432 16 48 64 16
40 24 32 72 56 24 72 40 5640 16 56 56 0
48 16 32 B0 48 16 80 48 4848 16 64 48 16
56 8 32 B8 40 8 88 40 5640 16 56 56 0
64 0 32 96 32 O 96 32 16 48 64 16

64 32

As Table 111 shows, the total time uncertainty for the
circuit of FIG. 5 1s reduced by a factor of 4 from an
initial 64 units to a value of 16 units with the maximum
value of the second signal in time remaining at 64 units.
While some of the values are initially increased over the
initial maximum value of 64 and some are in the low end
of the range, these in the high end are rejected by the
subsequent OR gate and those in the low end are re-
jected by the subsequent AND gate. The resultant max-
imum value (t;;,x) for the later signal remains at 64.

In practice, the extent that the maximum time uncer-
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tainty may be reduced is limited by the inherent delay of 45

the AND and OR gates and the circuit paths connecting
them in series. This time delay will decrease proportion-
ally with the number of stages and the number of logic
elements connected in series to the signals. Where re-
duction in time jitter is desired, a parallel circuit as
illustrated in FIG. 6 may be utilized. As illustrated, the
system includes ten pairs of OR and AND gates in
parallel in each of individual stages connected to a com-
bination of AND and OR gates which minimizes the
number of gates that the signals pass through in series
while providing a selective reduction in time uncer-
tainty for the signals. The circuit is particularly advan-
tageous for time measurements utilizing large scintilla-
tion counters where the time uncertainty introduced by
the finite propagation velocity of the produced signal
may be sigmficant compared to the desired time resolu-
tion. Essentially the system involves a two-stage design
where the first stage includes a plurality of selective
AND and OR gates with their outputs fed to OR and
AND gates. The result is that selected portions of the

outputs from each of the parallel stages are combined in-
the OR and AND gates to provide a pair of signals with
a total time uncertainty of At,/20. By repeating the .

30

35

65
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basic single stage design, the total time uncertainty for a
second stage 1s reduced to a total uncertainty of
At,1800. A general equation 1s provided by the follow-

Ing:

- Atp=Atg/(27 1 Im™)

Where Atris the final maximum time uncertainty, n is
the number of stages and m is the number of palrs of

gates in each stage. - .

In FIG. 6, the logic dlagram of FIG S has been eX-
panded to include ten pairs of OR gates 100(a-/) and ten
pairs of AND gates 102(a-j) with first time delays 104(a-

J) applied prior to the gates and second time delays

106(b-7) applied for the OR gates and second time delays
108(5-/) applied for the AND gates. The first time de-
lays 104(a-j) differ by 2At,/10 between each pair of
gates and changes from an initial 9At,/10 at OR gate
100a to At,/10 at OR gate 100e to 9At,/10 at AND gate
102/ while the second time delays increase by At,/10
from zero delay at the first pair of gates to 4At,/10 at
the fifth and sixth pair of gates and then decrease to zero
at the tenth pair of gates.

As illustrated, the signals from the ten OR gates
100(a) are applied to AND gate 112 while the signals
from the ten AND gates 102(a-/) are applied to OR gate
110 whose signal is increased in time by time delay 114
having a value of At equal to At,/20. The signal is then
applied to AND gate 112. In the second stage, ten addi-
tional pairs of OR gates 116(a-j) and AND gate 118(a-/)
and associated time delays are used. The outputs (fol-
lowing the time delay) are applied to OR gate 120 or
AND gate 122. The time delay At; following OR gate
120 1s equal to At,/20X20. '- - .

The first time delay causes selective shifts of the lmes
ABE and DBC in FIG. 2 resulting in the signals from
the central part of tube 12 having less of a delay. The
second delay increases those signals so that the maxi-
mum value of each segment is at t,,qx resulting in an
overall value in time uncertainty of At,/20 for the first

stage. In the second stage, the uncertainty is again re-

duced by a factor of At,/20 and by an additional factor
of 2 by the OR gate 120 and AND gate 122 resulting in
a maximum time uncertainty At,/800. By this combina-
tion of two stages of ten pairs of OR and AND gates,
each signal passes through a limited number of gates
with a significant reduction in overall uncertainty.

The foregoing description of embodiments of the
invention has been presented for purposes of illustration
and description. It is not intended to be exhaustive or to
limit the invention to the precise form disclosed, and
obviously many modifications and variations are possi-
ble in light of the above teaching.

The embodiments of the invention in which an exclu-
sive property or privilege is claimd are defined as fol-
lows:

1. An apparatus for reducing the maximum time un-
certainty At, of a series of paired time signals represen-
tative of a series of single events, the series of paired
signals varying at two terminals within a predetermined
limit of t,gx — tmin With tyax— tmin being equal to At,,
each pair of signals having a first signal t; and a second
signal t; in order of time with t;=t; and tr+t2 bemg
equal to a constant, the apparatus comprising: I

mput means mc]udmg the two terminals for prowd—"'

~Ing the series of paired signals t; and: tz w1th t and-ﬁ%-f"f

LI
A
4

t2 varying between the terminals,
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output means, and
- circuit means interconnecting the input terminals to
the output means, the circuit means including:
‘multiple time delays each less than At, and multiple
logic means for progressively selecting the first-in-
time and second-in-time of signals in signal pairs
based on t) and t; or on t; and t; plus selected time
delays with the time delays being selectively added
to the first-in-time signals to progressively reduce
the maximum uncertainty between the 51gnals and
shift the signals towards t;;gx.

2. The apparatus of claim 1 wherein the circuit means
includes means for selecting signals t; from the paired
signals t1 and t».

3. The apparatus of claim 2 wherein the addition of
the time delay to the signals t; occurs prior to the selec-
tion of signals t;.

10

15

4. The apparatus of claim 2 wherem the addition of g

the time delay to the signals t) occurs after the selection
of signals t;.

-2
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5. The apparatus of claim 2 wherein the time delay T
equal to about At,/2.

6. The apparatus of claim 1 wherein the circuit means
includes a plurality of stages with each stage including
the logic means and means for adding the time delays,
with the maximum limit between t, and tmax being re-
duced by each stage and the value of the time delays
also being reduced at each stage.

7. The apparatus of ¢laim 6 wherein the stages form a
series arrangement with the time delay for the first stage
being equal to about At,/2 and being reduced by a fac-
tor of 2 for each succeedmg stage. |

8. The apparatus of claim 6 wherein the stages form a
parallel arrangement.

9. The apparatus of claim 8 wherein the means for
adding a time delay adds the time delay to the signals
from at least one of the terminals.

10. The apparatus of claim 1 wherein the circuit
means includes at least one OR gate for selecting signals
first-in-time and at least one AND gate for selecting

signals second-in-time.
TR % * % %
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